Introduction
Leprosy continues to afflict millions of persons worldwide and exerts a major socioeconomic impact on developing countries.
The causative agent, Mycobacterium leprae, is a slowly growing obligate intracellular bacterium that resides principally within host mononuclear phagocytes. The bacterium is found in enormous numbers within these phagocytes in lepromatous leprosy, the most severe form of the disease. The initial step in invasion of mononuclear phagocytes is phagocytosis, a process mediated by specific receptor-ligand interactions. Receptorligand interactions important to phagocytosis of M. leprae are not understood.
Several receptors on the surface of monocytes have been found to be important in mediating phagocytosis of intracellular parasites. Complement receptors CR1 and CR3 have been found to mediate ingestion of Legionella pneumophila and Mycobacterium tuberculosis and complement receptor CR3 has been found to mediate ingestion of Leishmania donovani, Leishmania major, and Histoplasma capsulatum (1) (2) (3) (4) (5) (6) . These complement receptors demonstrate multiple and overlapping ligand specificities for fragments of complement components C3 and C4. CR1, a glycoprotein with four allotypes, binds primarily C3b, but also C4b and C3bi (7) . CR3 consists of two noncovalently linked glycoprotein chains (a and O) which demonstrate specificity primarily for C3bi, but also C3dg and C3d (7, 8) . Other monocyte receptors involved in uptake of intracellular pathogens include the lymphocyte function associated antigen-I (LFA-1)1 and p 150,95 antigen, which have been shown to mediate adherence of Histoplasma capsulatum (3) .
Several molecules on the surface of intracellular pathogens have been implicated as ligands for mononuclear phagocyte receptors potentially involved in phagocytosis. These include serum-derived molecules such as complement component C3 (1, 2, 6, 9-12) and fibronectin (13, 14) , and glycosylated parasite surface molecules (15) (16) (17) (18) .
Phagocytes ingest intracellular pathogens by one of two processes, as viewed by electron microscopy. Phagocyte pseudopodia coil around the organism as it is internalized (19, 20) , a process called coiling phagocytosis, or phagocyte pseudopodia move circumferentially and more or less symmetrically about the organism and fuse at the distal side (21) (22) (23) (8) . IB4 recognizes the fl-chain of the CR3/ LFA-I /p 150,95 family ofsurface glycoproteins (8) . Anti-LFA-I recognizes the a-chain of LFA-1 (31) . Anti-Leu-M5 recognizes the a-chain ofpl 50,95 (32) . Anti-CRI recognizes CR 1 (33) . Anti-CR2 recognizes complement receptor 2 (CR2) (34, 35) , anti-transferrin receptor antibody recognizes the human transferrin receptor (36) , and anti-HLA-DR antibody recognizes the DR antigen (36, 37 (43) . The monocytes were incubated with bacteria in 12.5% serum in the presence or absence of MAbs as in the assay for M. leprae adherence to monocytes described above, except that the bacteria/monocyte ratio was increased 10-fold. The monocytes were then washed, incubated for an additional 30 min, and fixed and prepared for electron microscopy as described (43) . The location (on the surface of or inside the monocyte) of 2 300 consecutive monocyte-associated bacteria from each coverslip preparation was enumerated.
The method by which monocytes phagocytize M. leprae was studied as previously described (19) . Briefly, freshly isolated mononuclear cells (6 X 106 mononuclear cells including 2 X 106 monocytes) in RPMI containing 10% fresh serum were mixed with 2 X 108 bacteria in a total volume of 1 ml in a conical centrifuge tube at 4VC, a temperature at which phagocytosis does not proceed. The monocytes and bacteria were pelleted together by centrifugation at 4VC, rapidly warmed (0.5 min) to 370C, a temperature at which phagocytosis proceeds, incubated for 3, 6, or 10 min, and fixed and prepared for electron microscopy. 
Results

Monocyte
Monocytes in monolayer culture on coverslips were incubated with M. leprae in the presence of the various MAbs indicated and adherence assayed as described in the text. Each MAb was used at a concentration of 11 ,ug/ml except for IB4 which was used at a concentration of 5 ,g/ml. Data are the mean inhibition of M. leprae adherence±SE obtained in two to five independent experiments, each of which was done in duplicate. leprae as in the adherence assay, except that the bacteria/ monocyte ratio was increased 10-fold and monocytes were incubated an additional 30 min after washing away nonadherent bacteria to allow internalization of bacteria that may have adhered at the end of the 2 h infection period. We then examined monocyte-associated bacteria by electron microscopy (Fig. 1) . 100% of 2 300 consecutive bacteria were intracellular, i.e., none were on the surface of the monocytes, whether the monocytes were incubated with or without MAbs. When monocytes were incubated with M. leprae in the absence of MAbs, 77% of cross sections of monocytes contained intracellular bacteria, and there were on average 10-15 bacteria per monocyte cross section. When monocytes were incubated with M. leprae in the presence of two MAbs against CR3, Leu-15 and OKM 10, only 8% of cross sections of monocytes contained intracellular bacteria and there were relatively few bacteria (average of two) per monocyte cross section. When monocytes were incubated with M. leprae in the presence of control MAbs (anti-CR2 and anti-HLA-DR), 67% of cross sections contained intracellular bacteria and there were many bacteria per monocyte cross-section, comparable to that seen in control monocytes incubated without MAbs.
As will be shown below, optimal adherence of M. leprae to monocytes requires low levels of fresh serum and adherence is markedly reduced under conditions in which serum is removed. To determine whether the low level of adherence seen under serumless conditions was being mediated by complement receptors CR1 and CR3, we examined the capacity of MAbs directed against several monocyte surface molecules to inhibit bacterial adherence in the absence of serum. We employed our usual adherence assay except that the monocytes were preincubated with MAbs in the absence of serum and M. leprae were added to monocytes at a 10-fold higher bacteria/ monocyte ratio. This ratio was increased to compensate for the markedly reduced adherence of M. leprae in the absence of serum.
MAbs to CRI and CR3 markedly inhibited M. leprae adherence under these conditions. One representative experiment is shown in Table III . The pattern of inhibition by MAbs against CR1 and CR3 was similar to that seen in the presence of serum except that single MAbs inhibited adherence to a greater extent. Mean inhibition (±SE) for MAbs against the alpha chain of CR3 was 71±6% for Leu-15, 70+2% for OKM10, and 62±12% for OKM1 and mean inhibition (±SE) for the MAb against CR1 was 64±11%. A combination of MAbs against CR1 and CR3 or against two epitopes of CR3 slightly enhanced the level of M. leprae adherence (mean inhibition ranged from 76±1 1% to 77±7%). Combinations of various control MAbs did not significantly reduce M. leprae adherence (mean inhibition 4±10%).
The function of CR3 is dependent upon the divalent cations Ca++ and Mg++ (8) . Since CR3 appeared to be the predominant receptor type in our adherence assay, we examined the divalent cation-dependence for adherence of M. leprae by chelating the Ca++ and Mg++ in RPMI medium with 1 mM EDTA. Under these conditions, adherence of M. leprae was markedly reduced (86±3% SE; n = 2). In contrast, adherence of IgG-coated sheep erythrocytes, which are ingested by cat- (Fig. 3) . Overall, adherence was increased 4.3±0.8-fold (SE).
To confirm that C3 was fixed to M. leprae, we studied C3 fixation to the bacteria directly by means of a whole bacterial cell ELISA specific for human C3. Fig. 4 shows the results of one representative experiment. Significant amounts of C3 were fixed to M. leprae when the bacteria were incubated in fresh serum but C3 fixation was markedly reduced to near baseline levels when the bacteria were incubated in heat-inactivated serum.
To determine the roles of the classical and alternative pathways of complement activation in C3 fixation, we studied C3 fixation to bacteria in serum containing EDTA, which inhibits activation of both pathways, and in serum containing EGTA and MgCl2, which inhibits activation of only the classical pathway. In the presence of EDTA, C3 fixation was markedly reduced to baseline levels (Fig. 4) . However, in the presence of EGTA and MgCl2, as much C3 was fixed to the bacteria as in serum alone. In contrast, under the same conditions (EGTA and MgCl2), C3 fixation to E-IgG was reduced to the level obtained in heat-inactivated serum in this ELISA (data not shown). These results indicate that C3 is fixed to M. leprae by the alternative pathway of complement activation. serum, or in buffer (PD) only. The bacteria were vigorously washed and assayed for associated human C3 in a whole bacterial cell ELISA that utilized goat anti-human C3 as primary antibody and alkaline phosphatase-conjugated rabbit anti-goat IgG as secondary antibody. Data are from one representative experiment and show the mean±SD of the absorbance for triplicate measurements.
To confirm the importance of the alternative pathway of complement activation in M. leprae adherence, we studied the influence on adherence of using serum depleted of a critical component of the alternative pathway: factor B. We incubated monocytes with bacteria in the presence of fresh autologous serum, fresh autologous serum depleted of factor B, or fresh autologous serum depleted of factor B to which purified factor B was added back. In three consecutive experiments, adherence of M. leprae in the presence of Factor B-depleted serum was inhibited by 65±5% (SE) from the control level with whole serum (Fig. 5) . When purified factor B was added back to factor B-depleted serum, adherence increased 2.6±0.2-fold (SE) and approached control levels (90±8% of control). Thus, the alternative pathway of complement activation mediates fixation of C3 to M. leprae and, in turn, adherence of the bacteria to monocytes.
M. leprae are phagocytized by conventional phagocytosis. To determine whether monocytes phagocytize M. leprae by a conventional or coiling form of phagocytosis, we studied ingestion by electron microscopy using an assay designed to synchronize phagocytosis and allow for visualization of a large number of organisms fixed during the process of ingestion. We found that M. leprae are phagocytized by a conventional appearing form of phagocytosis (Fig. 6 ). As in a previous study on phagocyte ingestion of bacteria, two simultaneous processes appeared to be involved: the extension of pseudopods about the organism and the displacement of the cytoplasm at the zone of contact of the phagocyte and the organism such that the organism appears to sink into the phagocyte (19 Complement receptors have been found to play a role in mediating phagocytosis of other intracellular parasites both in the presence and absence of fresh serum. In the presence of fresh serum, CR3 has been found to be important in mediating uptake of Legionella pneumophila (1) Mycobacterium tuberculosis (2), Leishmania donovani (4), and Leishmania major (6) , and CR1 has been found to be important in mediating uptake of L. pneumophila (1) and M. tuberculosis (2) . In the absence of serum, CR3 has also been found to be important in mediating uptake of Leishmania donovani (4, 5) , and CR3, LFA-1, and p150,95, all of which share a common (- The relative importance of different receptors in mediating ingestion may vary with serum conditions. Blackwell et al. (4) reported that, in the absence of serum, blocking the CR3 or the mannosyl-fucosyl receptor results in equivalent inhibition (50-80%) of L. donovani promastigote binding and ingestion. In contrast, in the presence of fresh serum, blocking CR3 results in 70-95% inhibition whereas blocking the mannosyl-fucosyl receptor results in only 35% inhibition (4) .
MAbs against complement receptors inhibit ingestion as well as attachment. When we infected monocyte monolayers with M. leprae, essentially as in the adherence assay, and then examined them by electron microscopy, we found all of the monocyte-associated M. leprae in intracellular membranebound phagosomes in monocytes in the presence or absence of MAbs. The number of M. leprae in monocytes incubated in the presence of MAbs against CR3 was markedly reduced in comparison to the number in control monocytes.
As previously suggested, complement receptors may be the preferred route of entry for intracellular pathogens by allowing them to avoid the toxic consequences of the oxidative burst or the release of mediators of inflammation that otherwise may accompany phagocytosis (1) . Along these lines, Holzer et al. (49) have reported that ingestion of M. leprae by human neutrophils and monocytes fails to stimulate significant superoxide anion release (49) .
Other receptors reported to mediate ingestion of various particles including microorganisms by monocytes appeared to play little or no role in mediating monocyte ingestion of M. leprae in our study. We evaluated the role of Fc receptors by selectively modulating them to the basal surface of the monocyte. Under these conditions, E-IgG ingestion was completely abolished but M. leprae adherence was only minimally decreased. In other experiments, we were unable to demonstrate any significant role in M. leprae adherence for the fl-glucan-inhibitable receptor for unopsonized zymosan.
Our study provides strong evidence that complement component C3, fixed to the bacterial surface via the alternative pathway of complement activation, serves as a major ligand for complement receptors mediating ingestion of M. leprae. Ramanathan, et al. has previously shown that M. leprae can activate the alternative complement pathway in fresh serum (50) . We initially determined that M. leprae adherence is serum dependent and that heat inactivation of serum results in a markedly reduced level of adherence. We then determined that preopsonization of M. leprae in fresh serum significantly enhances the level of adherence compared to unopsonized organisms. As activation products of complement component C3 are known to serve as ligands for complement receptors, we studied the role of C3 in adherence. We established that adherence of M. leprae is C3 dependent and is greatly enhanced when C3 is added back to C3-depleted serum. Utilizing a whole bacterial cell ELISA, we then directly demonstrated the presence of C3 on the bacteria. Utilizing our ELISA further, we demonstrated that C3 is fixed to M. leprae by the alternative complement pathway. Finally, we directly documented the importance of the alternative complement pathway in M. leprae adherence by demonstrating that adherence is markedly reduced in the presence of factor B-depleted serum and restored to control levels when purified factor B is added back.
In addition to M. keprae, complement component C3 has been shown to be important in mediating phagocytosis of other intracellular pathogens including L. pneumophila (1), M. tuberculosis (2), M. avium complex (1 1), and Leishmania sp (6, 9, 10) .
M. leprae are ingested by a conventional form of phagocytosis as studied by electron microscopy. Monocyte pseudopodia appear to extend circumferentially about the organism until they meet at the distal side. Simultaneously, the cytoplasm at the zone of contact between the monocyte and the bacterium is displaced such that the bacterium appears to sink into the phagocyte. Other intracellular pathogens ingested by conventional phagocytosis include M. tuberculosis, Trypanosoma cruzi, and Toxoplama gondii (2, (21) (22) (23) . In contrast, the intracellular pathogens L. pneumophila and L. donovani are ingested by coiling phagocytosis (19, 20) . The significance of the method of ingestion to subsequent intracellular events is not known.
In conclusion, monocyte complement receptors CR1 and CR3 and serum complement component C3 mediate ingestion of M. leprae. This important intracellular pathogen thus takes advantage of a host receptor-ligand system to parasitize host mononuclear phagocytes.
